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SUMMARY 
The Turnaround Operations Analysis for Orbital Transfer Vehicles (OTV) Study 
was conducted by General Dynamics Space Systems Division (GDSS), Contract No. 
NASA8-36924, under the direction of the National Aeronautics and Space 
Administration (NASA)/Marshall Space Flight Center (MSFC). 
The basic study was for 12 months with an add-on which brought the total time 
to 18 months. The results of the total study are presented in this final 
report. 
The objectives and accomplishments during this study were to adapt and apply 
the newly created database of ShuttleICentaur ground operations. Previously 
defined turnaround operations analyses were to be updated for ground-based 
OTVs (GBOTVs) and space-based OTVs (SBOTVs), design requirements identified 
for both OTV and Space Station accommodations hardware, turnaround operations 
costs estimated, and a technology development plan generated to develop the 
required capabilities. 
The study provided technical and programmatic data for NASA pertinent to OTV 
ground and space operations requirements, turnaround operations, task 
descriptions, timelines and manpower requirements, OTV modular design and 
booster and Space Station interface requirements, OTV Space Station 
accommodations design and operations requirements, SBOTV accommodations 
development schedule, cost and turnaround operations requirements, and a 
technology development plan for ground and space operations and space-based 
accommodations facilities and support equipment. Significant conclusions of 
the effort were: 
a. Shuttle/Centaur Lessons Learned 
1. Semi-automated cryo stage can be extended to full automation 
2. Identified manual operations: candidates f o r  automation 
3. Airborne support equipment (ASE) for ground-based cargo bay OTV will 
4. Dedicated facility recommended 
5. Facility should provide capability to simulate launch vehicle 
6. Reduce number of moves 
be complex (dump and dual fault tolerant) 
interfaces and Space Station interfaces 
b. Ground Processing Operations for GBOTVs 
1. Ground processing of ground-based cargo bay OTVs nearly identical to 
Shut t le / Cen t au r 
2. Ground processing of ground-based unmanned cargo vehicle (UCV) OTVs 
similar to Atlas/Centaur and Shuttle/Centaur 
3. Ground processing of space-based OTV relatively simple 
(a) Simple ASE 
(b) No orbiter cryo integration 
(c) No payload integration 
08650 
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4 .  Recommend integrated processing facility for GBOTVs: Two shift 
operations 
5 .  Automated ground processing operations where possible 
6. GBOTV initial launch 6 weeks (9200 manhours) 
7. Nominal turnaround GBOTV 5 weeks + mission (7800 manhours) 
8. UCV OTV initial launch 5 weeks (6500 manhours) 
9. UCV OTV nominal turnaround 5 weeks + inission (6200 manhours) 
10. Recommend shared ground processing facility f o r  SBOTV 
c. Ground Processing Operations SBOTV 
1. Ground processing of space-based OTV relatively simple 
(a) Simple ASE 
(b) No orbiter cryo integration 
(c) No payload integration 
2 .  Recommend shared ground processing facility f o r  SBOTV 
3 .  SBOTV single shift operations - Initial Launch 11 weeks (10,332 
manhours 1 
d. Space Processing Operations SBOTV 
1. SBOTV can be based at Space Station and turned around in safe and 
cost-effective manner 
2 .  Use teleoperations f o r  SBOTV turnaround tasks except for aerobrake 
thermal protection system: extravehicular activity (EVA) 
3 .  Nominal turnaround for SBOTV: 
(a) 6 3  manhours in space 
(b) 763 manhours on ground 
(c> 7 days + mission 
4. SBOTV turnaround propellant resupply, support equipment maintenance, 
and long-term cryogenic facility maintenance = 1273 manhours p e r  year 
average at the Space Station ( 3  men maximum per task) 
e. OTV Design and Interfaces 
1. Need proposed modular design of SBOTV to meet projected turnaround 
times 
2. Interfaces between OTV launch vehicle and accommodations have been 
identified 
08650 
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f. Space Station Design, Support, and Interface Requirements 
1. SBOTV accommodations/support equipment and interfaces with the Space 
Station have been identified 
2.  Minimum scars required on initial Space Station for SBOTV 
accommodations 
g. Support Equipment Development Cost and Schedule 
1. Development of OTV accommodations technology requires 
(a) Analyses, tests, and simulations on the ground 
(b) A cryogenic experiment on an expendable launch vehicle (ELV) in 
space, and Shuttle sortie missions f o r  maintenance/servicing 
experiment 
possibly a cryogenic TDM at the Space Station 
(c) A maintenance/servicing Technology Development Mission (TDM) and 
2.  $1.4 billion development cost f o r  OTV accommodations/support equipment 
f o r  SBOTV initial operating capability (IOC) in 2001 
h. Turnaround Operations Costs. 
turnaround a SBOTV 
Average $34M per year for on-orbit tasks to 
i. Technology Development Plan. 
technologies needed to be developed € o r  a SBOTV: 
The following is the priority listing of the 
1. Propellant transfer, long-tern storage, and reliquefaction 
2 .  Automated fault detection/isolation and checkout system 
3 .  Docking and berthing 
4. Maintenance/servicing operations and facilities/support equipment 
5 .  Payload mating/interface 
j. Propellant Transfer, Long-Term Storage, and Reliquefaction Technology 
Development Requirements 
1. Analyses, simulation and ground testing 
2 .  An orbital experiment launched on an ELV with a H2 tank scale factor 
between 0.1 and 0.4 
3 .  Depending on the scale factor on the ELV experiment which produces 
different confidence levels of extrapolation to full scale, these 
options are seen to be able to reach operational capability 
(a) 0.4-scale ELV (Titan IV) can lead to direct development of 
(b) 0.1-scale ELV (Atlas/Centaur) would require additional full-scale 
(c) 
operational system 
ground testing, o r  
Full scale H2 tank testing at the Space Station 
08650 . . .  
GDSS-SP-87-018 
4 .  Too early to recommend which approach should be pursued 
k. Automated Facility Detection/Isolation and Checkout Systez. Development 
of CBOTV and SBOTV operation technology requires analyses, simulation. and 
ground testing of automated fault detection/isolation and checkout systen. 
1. MaintenanceIServicing Operations and Facilities/Support Equipment. 
Development of SBOTV accommodations technology requires analyses, 
simulation, ground testing, and Shuttle sortie nissions, and a Space 
Station TDM f o r  docking and berthing, maintenance/servicing, 
operations/support equipment, and payload mating/interface. 
08650 
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SECTION 1 
INTRODUCTION 
The Orbital Transfer Vehicle (OTV) Concept Definition and System Analysis 
Studies, and earlier Space Station Architecture Studies, have shown that 
space-based OTVs (SBOTVs) offer potential economic benefits over ground-based 
OTVs (GBOTVs). In addition, the Definition of Technology Development Hissions 
for Early Space Station -- OTV Servicing Study, completed in 1984 and the 
present OTV Concept Definition Studies have generated preliminary operati-conal 
scenarios and requirements for SBOTVs. 
The General Dynamics Space Systems Division (GDSS) OTV Servicing Study used 
our Eastern Test Range (ETR) AtlasICentaur processing as a data base. This 
has provided a sound background for a preliminary projection of activities to 
maintain and service an upper stage in space. Recently, the design, launch 
processing, and manufacture of the Shuttle/Centaur was essentially completed. 
The launch processing was perfomed up to taking the stage out to the launch 
pad before the program was cancelled. The Centaur, redesigned for increased 
performance and Shuttle integration requirements, is closer to an OTV than the 
vehicle used on Atlas. 
Now that the Shuttle/Centaur integrated tzst planning data and launch 
processing has been completed, GDSS has used this information as the data base 
for the conduct of this follow-on study. Processing infomation has been 
updated with this new data. In addition, with this new data, it was possible 
to provide more detailed infomation on the most desirable methods for turning 
around an SBOTV at the Space Station, the support personnel and equipment 
needed, and the operations costs. The Shuttle/Centaur data base -- that of a 
cryogenic upper stage launched from the Shuttle -- has provided National 
Aeronautics and Space Administration (NASA) a comprehensive, substantiated 
turnaroind approach f o r  Space Station/OTV planning. 
The Space Transportation Architecture Studies (STAS) currently being perfomed 
f o r  NASA and Department of Defense (DoD) have placed strong emphasis on the 
reduction of operations costs through simplification, automation, etc. This 
turnaround operations analysis study provides additional infomation to 
support the pursuit of this cause in the upper-stage area. 
1.1 OBJECTIVES 
The basic objectives of this study are to adapt and apply the newly created 
data base of ShuttleICentaur ground operations planning to update previously 
defined turnaround operations analyses for GBOTVs and SBOTVs, identify design 
requirements f o r  both OTV and Space Station accommodations hardware, and 
estimate turnaround operations costs. Specific objectives which support these 
basic objectives are as follows: 
a. Define OTV turnaround operations requirements, concepts, and scenarios. 
b. Conduct operations functional and task analyses. 
GDSS-SP-87-018 
c. Assess the impact of OTV turnaround operations on ground facilities and 
Space Station design and support requirements. 
Identify OTV design requirements of effective turnaround operations. 
Analyze turnaround operations zests and identify operations costs drivers. 
d. 
e. 
f. Generate Technology Development Plan. 
1.2 GROUND RULES AND GUIDELINES 
The following ground rules and guidelines were used in the performance of this 
study: L 
a. 
b. 
C. 
d. 
e. 
f. 
g 
Make maximum use of prior and current projects. 
Space Shuttle will be the Earth launch vehicle: 
Site (ELS)]. 
Revision 8 nominal micsion model. 
Space Stati-ixal Operational Capability (IOC) 1994. 
Orbital Maneuvarane Vehicle (OW) will be available. 
Orbiter Cargo Bay (OCB), Aft Cargo Carrier (ACC) ,  and Unmanned Cargo 
Vehicl-e (UCV) Launched 
G%TVs 
Reference SBOTV configuration: 
$loot4 [Eastern Launch 
Defined by Marshall Space Flight Center 
(MSIFC) f o r  Space Station Phase B. 
% b ,  
i. 
j. 
k. 
1. 
m. 
SBOTV life is 40 missions. 
Definition of a Task: 
specified purpose relative to turnaround of the OTV. 
Definition of a Resource: 
task: 
def initioa. 
Functional tasks will be completely defined. 
Tasks sequencing information will be provided. 
FunctionaUtask data base compatible with government computers. 
Any activity o r  collection of activities serving a 
Any quantity required for the performance of a 
Each resource will be defined to appropriate depth f o r  concept 
1.3 OTV MISSIONS 
The OTV will accomplish a wide range of missions, from Earth orbital to lunar 
and planetary, both unmanned and manned. (See Figure 1-1.) Routine transfer 
of civilian and military payloads between low Earth and geosynchronous orbit 
are planned, including delivery, retrieval, and in-place servicing. The 
operational scenario and mission profile of the OTV include: initial delivery 
of the OTV with subsequent delivery of payloads and propellants from the Earth 
to the OTV/servicing facility by either the Space Transportation System (STS) 
of unmanned launched vehicles; integration of payloads on the OTV and 
refueling of the OTV from propellant storage tanks on the servicing facility; 
departure of the OTV and payloads to high orbits, translunar, or 
interplanetary trajectories; then return of the OTV via aerobraking to the 
servicing facility. 
085 20 1-2 
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For purposes of this study, NASA has specified :hat the BASAIHSFC Revision 8 
nominal mission model be used. Figure 1-2 indi:ates the number of missions to 
be performed each year for Revision 8 and when :he major mission drivers first 
occur. 
1.4 STUDY APPROACH 
The overall approach to this study will be a step-wise translation of 
Shuttle/Centaur launch processing experience to: 1) an expendable GBOTV, 2 )  a 
reusable GBOTV, and 3 )  a reusable SBOTV. (See Figure 1-3.) Each step will be 
separately defined to allow a clear delineation of the functions and 
requirements which are peculiar to each vehicleibasing mode. The major 
differences between each step are called out to the right of the blocks. 
a 
This approach provides more insight for extrapolation from ShuttleICentaur 
launch processing to a reusable SBOTV. 
Figure 1-4 presents the study schedule, delineating the tasks to be performed 
and the program reviews. The technical work was accomplished in 16 months 
with the reporting completed in 18 months. 
To accomplish the study objectives, OTV turnaround operations requirements, 
concepts, and scenarios were defined; operations functional and task analyses 
were conducted; the impact of OTV turnaround operations on Space Station 
design and support requirements was assessed; OTV design requirements f o r  
effective turnaround operations were identified; turnaround operations costs 
were analyzed; and operations cost drivers were identified. In addition, a 
technology development plan was generated to develop the capability to process 
both GBOTVs and SBOTVs. 
1.4.1 TASK 1 - GROUND AND SPACE OPERATIONS REQUIREMENTS. The ShuttleICentaur 
ground processing data base was used to assess and identify requirements f o r  
OTV processing. As we evaluated the data base, we determined which 
operational functions were C.entaur peculiar and which ones were required for 
OTV processing. The data consisted of operations plans which established the 
processing and critical paths for ShuttleiCentaur at the ELS. The plan had 
about 155 tasks defined and listed about 90 procedures to be accomplished 
during Centaur processing, before it was transported to the vertical 
processing facility. The operations plans f o r  the vertical processing 
facility and Complex 39 were also assessed. This was the type of data that we 
used to determine if a l l  processes had been identified in the current OTV 
space-based operations. We then updated the OTV data previously defined to 
include the requirements identified here. 
The ShuttleiCentaur data base also included manpower loading fcc each task and 
equipment requirements . 
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1.4.2 TASK 2 - FUNCTIONAL ANALYSIS. The requirements identified in Task 1 
were integrated with other requirements such as guidelines and ground rules, 
Space Station configuration baseline, the SBOTV concept defined by NASAIMSFC 
to arrive at probable scenarios for processing. We looked at these 
requirements and determined whether they were essential for,maintaining and 
operating an OTV. Any potential tall poles were identified, and all 
functional requirements were ddumentat The functional analysis includes the 
operations necessary to assemuua a: SBOTI on-orbit , space-based turnaround 
operations, servicing/maintenaace. pavliiad integration, launch and retrieval 
operations. We assessed these ttirrerrons and incorporated any new requirements 
that were essential and appropriate and deleted or modified those that were 
not appropriate. 
We formulated alternative scenarios from the functional requirements and 
defined operational methods for accomplishing each alternative scenario. 
These methods incorporated alternative means to accomplish each task, such as 
different types of facilities and automation for ground processing and 
different kinds of crew involvement, extravehicular activity (EVA) or 
intravehicular activity (IVA), and mechanized alternatives such as 
teleoperations, automatic disconnects on the vehicle, robotics, or a 
combination for SBOTV. These alternatives and the designated GBOTV concepts 
were compared in a trade study analysis to select a recornended approach in 
Task 3. 
d 
1.4.3 TASK 3 - OPERATIONS TRADE STUDIES. In this task we compared the 
attributes of each alternative operation identified in Task 2 to select a 
recornended approach. We defined the selection criteria used to evaluate the 
alternative operations. These criteria included design, operational, and cost 
factors that have an impact on the selection of a recommended approach. This 
task relied on inputs from Tasks 4 and 7 to provide adequate supporting data 
for evaluation of the approaches. The alternatives and selection criteria 
were then presented in a trade comparison matrix. 
approach was selected using the data from this matrix. 
The recommended operations 
1.4.4 TASK 4 - TURNAROUND OPERATIONS ANALYSIS. This task generated the 
timeline analyses for both ground and space processing based on the 
requirements and alternative operational definitions derived in Tasks 1 and 
2. These analyses provided the OTV turnaround operations data necessary to 
support the trade studies and to develop to more detail the trade study 
recommended operations by defining the ground-based and space-based resources 
We updated the existing OTV timelines to meet new requirements and created new 
timelines for new alternative functions. The timelines include OTV turnaround 
operations on the ground and in space and the maintenance of any identified 
Space Station OTV accommodations, such as orbital support equipment. Our 
timelines were created from data that was developed on task analysis 
worksheets. 
document the pertinent detailed tasks, task durations, and resulting 
manhours. 
sheets. The task description sheet has the task identification code, task 
descriptor, purpose, task description, task duration and frequency, and the 
resource requirements. 
The task analysis worksheets are on computer disc and are used to 
We also provided data to an appropriate level on task description 
08520 1-8 
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1.4.5 TASK 5 - OTV DESIGN AND INTERFACE REOUIREHENTS. Using the results and 
recommendations of the turnaround operations analysis and the definition of 
the baseline GBOTV and SBOTV, we identified and defined OTV design and 
interface requirements for basing on the ground and at the Space Station. 
These covered the areas of accessibility, modularity, size, and weight of 
Orbital Replacement Units (ORUS); ORU attachment and removal provisions; 
controlled storage; self-test to the ORU or subsystem level; handling and 
mating provisions; payload mating provisions; accommodations f o r  mechanical, 
fluid, and electrical disconnects; zero-g propellant transfer; and management 
system, etc. 
1.4.6 TASK 6 - SPACE STATION DESIGN, SUPPORT AND INTERFACE REQUIREMENTS. 
Using the definition of the space-based support equipment, the operational 
maintenance, checkout and launch requirements, the definition of an SBOTV to 
meet the operational and interface requirements, and the baseline Space 
Station functional and design concept, we performed a design requirements 
analysis to determine the accommodation needs from the Space Station to 
support the SBOTV. This entailed identifying the operational and physical 
Space Station support and interface requirements to accommodate the retrieval, 
maintenance, servicing, checkout, payload mating, and launching of the OTV. 
These included the mechanical, fluid and electrical interfaces; cg 
considerations; spares storage; pressurized volume; propellant transfer, and 
storage system; docking, berthing, and handling equipment; environmental 
protection; and crew support requirements. 
1.4.7 TASK 7 - TURNAROUND OPERATIONS COST ESTIMATES. A W3S and UBS 
dictionary was developed which was used in the performance of the trade 
studies. The task’s costs of the recommended operational approach considering 
the manpower resources required were estimated. The operational costs were 
divided into two categories: fixed and variable costs. Fixed costs are 
associated with a base cost not dependent on the number (within limits) of 
OTVs processed during a period of time (normally 1 year). Operation cost 
drivers were also identified. The design development test and evaluation 
(DDTGE) and operations costs of the support equipment for the reccmmended 
operational approach were also identified. 
1.4.8 TASK 8 - TURNAROUND SCHEDULE. We developed a master program 
development schedule for the OTV and the evolution of the Space Station from 
IOC to the growth station which can support an SBOTV. From this, we generated 
a design and development schedule for the turnaround operations support 
hardware. The schedule included the technology development activities 
including analysis and ground testing, Shuttle sortie flights and Technology 
Development Missions (TDHs) required at the Space Station to develop the 
turnaround operations capability. 
1.4.9 TASK 9 - TECHNOLOGY DEVELOPMENT PLAN. We generated an integrated 
technology development plan for the technologies required f o r  ground and space 
processing OTVs. This was a single plan which defined the tests and 
experiments to be perfoned on the ground, on expendable flight experiments, 
on Space Shuttle sortie missions, and on the early Space Station. The ground 
processing technologies included: 1) fault detection/isolation and system 
checkout, 2 )  visual inspection, 3) leak check and detection, 4 )  documentation, 
and 5) facility checkout and operations provisions. 
08520 1-9 
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The space processing technologies included: 1) propellant transfer, storage, 
and reliquefaction, 2 )  OTV docking and berthing, 3 )  EVA operations, 4) 
OTV/payload mating, 5 )  maintenance facilities/support equipment, and 6 )  
automated fault detection/isolation and system checkout. The plan included 
task objectives, requirements, mode of accomplishment, schedules, resources, 
operations, and expected products. The plan reflected and accommodated 
current and projected research and technology programs where appropriate. 
1.5 OTV CONFIGURATION 
Configurations evaluated for functional differences (See Figure 1-5) include 
Atlas/Centaur; Shuttle/Centaur; Shuttle/Centaur derivative expendable OTV; 
Boeing Ballute OCB launched reusable GBOTV: Martin ACC launched reusable 
GBOTV; and SBOTV (MSFC reference configuration). In addition the Martin UCV 
OTV (see Figure 1-6) was evaluated. The configurations will be shown in more 
detail in the following sections. 
- 
08520 1-10 
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2.0 Work Breakdown Structure (WBS) 
The WBS for the OTV Turnaround Operations are presented on the following 
pages. The WBS is a comprehensive breakdown of all elements of the program 
life cycle, categorized into several layers of hardware, software, facility 
and task-, function- or service-oriented end items which completely define the 
program. 
2. The WBS is used to identify and establish each individual cost element for 
life-cycle cost modeling, and also forms a framework for program planning and 
scheduling. The WBS is structured to be applicable to each of the life-cycle 
time-phased activities, specifically concept exploration, demonstration/ 
validation, full-scale development, nonrecurring production, recurring 
production, and operations and support. A dictionary describing each WBS 
element is included following Table 2. 
The WBS for the OTV Turnaround Operations is shown in Tables 1 and 
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3.0 Cost Estimating Approach Methodology and Rationale & Groundwork 
Cost estimating for the technologies described in Vol. 111 have been developed 
using parametric cost estimating techniques. 
elements associated with the project or technology to be estimated are 
identified including both hardware as well as programmatic elements such as 
Program Management, System Engineering, Test, etc. Definition and 
descriptions of the project elements are then used to establish costs by means 
of a cost estimating relationship (CER) that relates cost to a driving 
parameter such as weight, power, size, etc. The summation of these cost 
elements then represents the total cost of the project under analysis. Cost 
for both nonrecurring (design and development) and recurring (unit protection) 
are estimated. 
In this approach all cost 
. 
Because of the very brief definition information available for the 
technologies being investigated, the cost estimates are necessarily 
preliminary. Time of the cost estimates summarized in Section 4.0 and 6.0 
have been updated from past or current related effects. The tankers in 
Section 4 are derived from a more extensive cost analysis conducted in the 
Long Term Cryogenic Storage Facility System Study conducted by GD in 1987. 
Similarly, the Docking and Berthing TDM (Section 6.0) represents an update of 
the work conducted in 1984 for the " O W  Servicing Study". 
The groundrules used during this cost analysis are listed below: 
Groundrules and Assumptions 
. A l l  costs are ROM for planning purposes only. 
Costs are in consistant FY 1987 M $. 
. No fee, management resume, or contingency are included. 
. The Propellant Transfer Storage and Reliquification technology estimates 
are based on the Large Tank Cryogenic Storage Facility Study (NAS8-36612). 
. All other technologies are based on very preliminary and brief definitions. 
. No Government support or STS costs are included. 
No flight or sortie operations costs are included. 
. ELV vehicle costs are included with appropriate technologies. 
4.0 Cost Estimates 
I Brief cost analyses 
I of the technologies 
have been conducted for the operations in Vol. I1 and each 
developed and recommended during this study. The 
technology cost estimates are presented in Sections-3 through 7 in Volume 111 
- Technology Development Plan. It was deemed more appropriate t o  include the 
costs in conjunction with all definition and description of the technologies 
that were used in the development of the cost estimates and therefore 
necessary for their understanding. 
i 
